The bony fixation of reference marker arrays used for computer-assisted navigation during total hip arthroplasty (THA) theoretically involves the risk of fracture, infection, and/or pin loosening. We asked whether intraoperative assessment of leg length (LL) and offset (OS) changes would be accurate using a novel pinless femoral reference system in conjunction with an imageless measurement algorithm based on specific realignment of the relationship between a dynamic femoral and pelvis reference array. LL/OS measurements were recorded during THA in 17 cadaver specimen hips. Preoperatively and postoperatively, specimens were scanned using CT. Linear radiographic LL/OS changes were determined by two investigators using visible fiducial landmarks and image processing software. We found a high correlation of repeated measurements within and between (both 0.95 or greater) the two examiners who did the CT assessments. Pinless LL/OS values showed mean differences less than 1 mm and correlations when compared with CT measurements.
Introduction
Pain relief and restoration of hip biomechanics are the desired goals in modern THA. To optimize function, hip mechanics should be restored to as near normal as possible. Femoral offset correlates with hip stability, joint reaction forces, polyethylene wear, and ROM [3, 22, 25] . Likewise, marked leg-length discrepancy after THA contributes to gait asymmetry, knee and back pain, abnormal force transmission across the hip, revision surgery, and finally litigation [5] [6] [7] 27] . Today, THA is being performed increasingly on active patients using less invasive, tissuepreserving techniques and reduced incision lengths. With these approaches, it is more difficult for the orthopaedic surgeon to estimate LL and OS changes intraoperatively.
Accordingly, the use of computer navigation in total joint arthroplasty is becoming more common [4] , although its use remains limited owing to additional operative time and expense. Imageless navigation systems without the need for preoperative or intraoperative image acquisition and exposure to radiation reportedly increase the variability Each author certifies that he has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Parts of this work have contributed to the ''Award for Innovative Medical Technology'' set by the Federal Ministry of Education and Research, Germany. Each author certifies that his or her institution approved or waived approval for the reporting of this case and that all investigations were conducted in conformity with ethical principles of research. This work was performed at Regensburg University, Department of Anatomy and Regensburg University Medical Center, Department of Orthopaedic Surgery, Bad Abbach, Germany. of positioning the acetabular component and reduce the number of outliers [9, 17] . Recently, new imageless stem navigation algorithms have been developed to measure LL and OS changes intraoperatively [15, 19] . However, bony fixation of a reference marker array in the femur during these navigation procedures theoretically involves the risk of infection at the pin implantation site and/or the risk of iatrogenic femoral stress fractures and/or may loosen in osteoporotic bone [8, 11, 13, 16, 29] . Noninvasive registration techniques with external reference markers are used predominantly in navigated procedures around the cranium [14] , but also have been used in total joint arthroplasty [24] .
Previous studies suggest measuring solely the distance between fixed points on the pelvis and on the operative leg with navigation systems can cause substantial errors in the measurement of LL and OS change through inaccurate femur repositioning with respect to the pelvis during prereconstruction and postreconstruction assessments [15, 18, 23] . For example, a femur malpositioning in 10°abduction and 10°flexion would result in an apparent error of 17.4 mm in LL [23] . Techniques using pins or jigs that are fixed some distance away from the bone surface exaggerate these effects of rotational error because the measurements are made away from the rotational center of the joint [28] . Theoretically, establishing a coordinate system for the femur and the pelvis allows more accurate measurement. However, this would mean registration of data points around the knee, which is time-consuming [15] . To address these problems, a method in which the relative orientation between the femur and pelvic dynamic reference base is stored and tracked before and after joint reconstruction has been developed for use with a pinless femoral reference array system. Two additional reference points on the proximal femur are used to measure LL and to correct rotational differences between the preoperative and postoperative leg alignment at the same time. This also compensates for minor movements of the pinless array while measuring LL and OS changes intraoperatively.
Our purposes therefore were to: (1) determine the accuracy of measuring LL and OS changes during THA using the pinless femoral reference array system in combination with an imageless navigation method of realignment in an experimental cadaver study; and (2) assess the reliability of a CT-based control method using an image processing software and fiducial landmarks between and within two investigators.
Materials and Methods
We obtained 10 cadaveric specimens provided by the university anatomy department of Regensburg, Germany; six were embalmed and four were fresh. The mean body mass index was 26.7 kg/m 2 (range, 21.5-37.2 kg/m 2 ). We excluded two (one female, one male) of the 20 hips from the experiment because of previous hip surgery; therefore, 11 female hips and seven male hips were included.
Preoperatively and postoperatively, we positioned all specimens on a solid spine board (Spencer Rock spine board; Spencer, Parma, Italy) in a comparable supine position. This was achieved by taping spacer foam blocks to the popliteal fossa, between the medial femoral epicondyles and between the inner malleoli, and subsequently taping the planar foam block underneath the spine board to ensure comparable preoperative and postoperative limb rotation, abduction/adduction, and extension/flexion. We inserted screws percutaneously through stab incisions as fiducial landmarks close to the anterior-superior iliac spine, posterior iliac crests, pubic tubercles, greater trochanters, femoral diaphysis, and into the femoral epicondyles. Then, the whole specimen, including the spine board, was wrapped and secured with broad cling film and scanned by CT (Somatom Sensation 16; Siemens, Erlangen, Germany).
We performed 18 THAs with the specimens in a supine position through a standard anterolateral approach [1] . The THA was performed as usual; the main goal was to implant the acetabular and femoral components in a stable position. We used press-fit acetabular components, cement-free hydroxyapatite-coated stems, and metal/ceramic heads (Pinnacle, Corail; DePuy, Warsaw, IN). Intraoperative LL and OS changes were measured by an imageless navigation system (Hip 5.0 prototype; BrainLAB, Feldkirchen, Germany). As part of the computer navigation data entry, we attached reflective dynamic reference bases (DRBs) to the femur and pelvis at the beginning of the procedure. On the pelvic side, two connected Kirschner wires (3.2 mm in diameter) were inserted into the ipsilateral iliac wing. The pelvic DRB gets connected to these wires. On the femoral side, we positioned a newly designed, noninvasive, external referencing device (Pinless Array; BrainLAB) ventrally on the distal third and secured it with an incision foil (Opsite1; Smith and Nephew Germany, Marl, Germany). The pinless array consists of a plate, which mimics the anatomic shape of the soft tissue; the DRB is rigidly attached to this plate by a screw (Fig. 1 ). For the next step, the anterior-superior iliac spine (ASIS) and pubic tubercle points were registered using a reference pointer. The anatomic directions were defined by a coordinate system, which refers to the pelvic planes, ie, anterior pelvis plane (APP) and midsagittal plane. The APP was defined by two ASIS and two pubic tubercle points. The midsagittal plane refers to the symmetry plane of the ASIS points. A preoperative neutral reference position of the leg was defined by holding it in approximately 0°flexion, abduction, and internal/external rotation. The navigation system stored the relative orientation (transformation) between the femur and pelvis DRB according to this position. This step was required to later decompose the overall shift vector at a given reference point into its cranial-caudal (LL) and medial-lateral (OS) components. After capsulotomy, the hip was luxated and the acetabular fossa and cavity were registered using a reference pointer. Before the neck cut, two small reference screws were inserted in the greater trochanter area. The reference points needed to be placed with a minimum distance of 10 mm from one another. The second point could not lie in a purely craniocaudal direction from the first point, ie, it had to lie at least 10 mm anteriorly/posteriorly or medially/laterally from the first point. This orientation was required to correct the internal/ external rotation in the measurement algorithm. The reference screws were registered by the assistant using a reference pointer while the operating surgeon held the leg in the described neutral reference position within a range of ± 5°flexion/extension, abduction/adduction, and internal/external rotation compared with the preoperative neutral reference position. The navigation system guided the surgeon during this procedure by showing the deviation between the current and initial alignments (Fig. 2) . The coordinates of the reference screws were stored according to the pelvic reference array for comparing preoperative and postoperative situations. Intraoperatively, they were used to correct rotational differences between the preoperative and postoperative leg alignments and to measure LL and OS changes. After inserting the implants, the initial neutral reference position was reproduced and the trochanteric reference screws were reregistered. Again, the navigation system guided the surgeon by showing the deviation between the current and the initial neutral reference alignments. The measurement algorithm compared the initial and the current leg position known from the relation between the femoral and pelvic DRBs. Remaining alignment errors were corrected according to the known rotational difference between the preoperative and intraoperative situations, ie, the leg positions virtually were aligned by the navigation system. The proximal landmark points were used for this purpose. This also compensated for minor movements of the pinless array. Additionally, one of the landmarks was used to calculate LL and OS changes. The overall shift vector at this point between the preoperative and postoperative situations was calculated and decomposed into its cranial-caudal (LL) and mediallateral (OS) components (Fig. 3) . This completed the measurement process. During the experiment, we excluded one hip in which the pinless base plate shifted considerably after the self-adhesive incision foil detached from the skin of an embalmed specimen. Therefore, data for 17 THAs were included in the analysis.
We analyzed preoperative and postoperative CT scans with an image processing software (iPlan Stereotaxy 2.6; BrainLAB) by fusing the two CT scans in the pelvic region, drawing a line between visible fiducial landmarks, and subsequently measuring the preoperative and postoperative linear LL and OS changes ( Fig. 4 ). Two investigators (TR, SG) independently performed this measurement procedure with the image processing software and CT scans twice within 8 weeks. The interclass and intraclass correlation coefficients were used to assess the reliability of this CTbased control method between and within the two investigators. Accuracy of intraoperative LL and OS measures was evaluated by using the mean of all four CT measurements made by the two investigators. Systematic deviation of navigation system calculations from CT measurements and differences in intraobserver and interobserver measurements were assessed statistically by paired samples ttest and illustrated using agreement scatterplots proposed by Bland and Altman [2] .
Differences between LL and OS changes measured on CT scans and calculated by the navigation system were analyzed descriptively, reporting means with 95% confidence intervals (CIs), SD, and minimum and maximum values. Accuracy of intraoperative LL and OS measures was evaluated by using the mean of all four CT measurements made by the two blinded investigators. Pearson correlation coefficient (r) was used to assess the linear relationship of two related measurements. Assumption of normal distribution of data was verified by using descriptive methods (skewness, outliers, and distribution plots) and inferential statistics (the Shapiro-Wilk test). Statistical analyses were performed using SPSS software 16.0 (SPSS Inc, Chicago, IL).
Results
We found a high correlation between the two related measurements of change in LL (r = 0.92, p \ 0.001) as well by evaluation of change in OS (r = 0.97, p \ 0.001) ( Table 1) . We observed no differences of LL changes (mean difference, 0.50 mm; 95% CI, À0.37-1.37 mm; p = 0.24) and OS changes (mean, 0.49 mm; 95% CI, À0.20-1.17 mm; p = 0.155) measured on CT compared with the calculation method using the imageless navigation system. We found no systematic difference between the pairs of readings. According to the limits of the estimated CIs, the true (underlying) deviation in measurement of LL change can be expected up to an absolute mean difference of approximately 1.4 mm and 1.2 mm regarding OS change with a probability of 95%. Ninety-five percent of individual differences (CT, navigation system) were located in an interval of À3.9 to 2.9 mm for change of LL and À3.3 to 2.4 mm regarding change of OS (Fig. 5 ). Disagreement of CT and navigation measurements does not increase with averages about both methods and no systematic clusters of examiner values are obvious from the graphs. LL and OS measurements using the image processing software showed high intrarater (r C 0.98 for all assessments) and interrater (r C 0.95 for all assessments) reliability. The mean difference of measurements with the same examiner was 0.06 mm for LL and OS and there were no considerable differences regarding LL and OS measurements between both examiners ( Table 2 ).
Discussion
Computer-assisted navigation is being used more frequently for THA, particularly with minimally invasive approaches in which reduced exposure makes proper À3.1 ± 4.6 (À9.0 to 6.0) LL = leg length; OS = offset.
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Bland-Altman diagrams depict the differences between CT and pinless navigation system (NS) for two observers (O, Examiner A; D, Examiner B). The straight line represents the mean value of all differences between the pairs of measurements, and the dashed lines above and below it represent the 95% limits of expectable individual agreement (mean ± 1.96 SD). component placement more difficult. However, bony fixation of reference marker arrays used for navigation theoretically involves the risk of fracture, infection, and/or pin loosening. We therefore investigated the accuracy of measuring LL and OS changes during THA using a novel pinless femoral reference array system in combination with an imageless computer-assisted measurement algorithm, which is based on specific realignment of the leg. We presumed this method would provide similar LL and OS changes measured on preoperative and postoperative CT scans. Second, we investigated the reliability of the method using visible fiducial landmarks and CT image processing software.
There are several limitations of this study. First, the anatomic setting offers the chance for an idealized acquisition of landmarks. In a clinical situation, determining the pelvic coordinate system remains an important source of error in computer-assisted surgery [12] . However, even if the orientation of the pelvic coordinate system was achieved with a potential error of 5°, this error would affect only the described LL measurement algorithm by 1%, which does not seem important [15] . Second, cadaveric tissue may not possess the same physical and mechanical properties as in vivo tissue and may not adequately reflect the intraoperative situation. We used a combination of fresh, cadaveric body specimens and embalmed cadavers to approximate the in vivo experience during surgical exposure. Third, in a clinical situation, passive shifting of relaxed muscles during surgery and/or debonding of adhesive incise drapes might cause loosening of the pinless reference array, which could influence the measurement's algorithm accuracy. Future studies should try to determine the maximal displacement of the pinless reference plate during THA-specific maneuvers. Moreover, the femoral pinless navigation technique has two general limitations. First, the workflow does not offer navigated preparation of the femoral medullary canal and/or intraoperative control of hip kinematics (eg, ROM analysis). Second, two additional points in the proximal part of the femur must be referenced before and after component placement. This compensates remaining misalignments of the leg and minor movements of the femoral pinless array. We used two small screws inserted in the greater trochanteric region to register and redetect those fine-adjustment points. Those screws are removed after the final LL and OS measurements have been made at the end of the operation. We did not experience any interference between the screws and stem during preparation of the femoral cavity. However, loosening of these screws could occur in a clinical situation, which then would affect the system's accuracy.
One previous study had positive early experiences with a different pinless referencing and measurement protocol for THA without providing concrete results [24] .
Previously, noninvasive external referencing techniques have been established in neurosurgery and ear, nose, and throat surgery [14] . Experimental attempts to use noninvasive array systems for cranial interventions consisting of a small base plate fixated by an attachment headband around the distal thigh of cadavers revealed substantial translational and rotational movements during minor manipulations of the affected lower extremity [11] . Therefore, an invasive bony fixation of the reference array with the help of pins or wires is used routinely during computer-assisted joint arthroplasty. More recently, we researched the accuracy of measuring LL and OS changes during THA with the pin-based version of this imageless navigation technique and found mean differences less than 1 mm supported by substantial correlations in comparison between navigation values and test bench and CT measurements, respectively [19, 20] . In that experiment, pinless LL and OS values were equally accurate with mean differences of 0.5 mm (for LL and OS changes) when compared with preoperative and postoperative CT measurements.
In a clinical setting, LL and OS changes usually are analyzed postoperatively from plain radiographs of the pelvis to research the reliability of intraoperative LL and OS measures [15, 27, 28] . Various authors have pointed out linear measurements and calculations from plain radiographs are susceptible to error resulting from variations in positioning of the pelvis relative to the plane of the film and the divergence of the xray beams. The reliability of these measurements is further reduced by the influence of pelvic tilt and rotation [10, 21, 26] . Using cadaver specimens, we were able to position the lower limb in a comparable position during preoperative and postoperative CT scans, consecutively observing both scans with image processing software and performing linear measurements for LL and OS changes ( Fig. 4 ). Our control method showed high intrarater and interrater reliability when tested by two examiners in an 8-week period.
We found femoral pinless LL and OS measures reliable in conjunction with an imageless navigation technique of realignment during THA in an experimental cadaver study. However, detecting the patients' individual LL and OS situations and planning how to change these intraoperatively is important for orthopaedic surgeons. Currently, computer-assisted navigation for THA enables surgeons to achieve the desired amount of correction. Application of noninvasive, femoral pinless reference systems could further reduce the risks of systems depending on pins while minimizing the risk of LL discrepancies.
